Nearfield pressure and turbulence velocity data from measurements performed in subsonic jets with Mach numbers of 0.3 and 0.85 are analysed in the context of feedback control of jet noise. The low-dimensional building-blocks of the pressure and velocity fields are extracted, by means of joint Proper-Orthogonal, Fourierazimuthal Decompositions, and studied with a view to understanding their respective roles in the production of jet noise. These building blocks exhibit many of the characteristics commonly associated with instability waves in forced jets, and it is thus possible to identify their pertinent properties where the production of sound is concerned, properties which will serve as input for an eventual feedback controller.
I. Introduction
The aim of this paper is to discuss results from some recent experiments performed at Syracuse University, New York and the Laboratoire d'Etudes Aérodynamiques, Poitiers, France, in the context of their eventual relevance where feedback control of jet noise is concerned. A speciality of the authors from the said institutions is their use of the Proper Orthogonal Decomposition (POD), and Low Order Dynamical Systems (LODS) modelling, which depends on the three former techniques for a reduced order description of complex dynamical systems. At both Syracuse and Poitiers these techniques have recently been applied to free jets with the focus, traditionally turned towards the dynamic of the turbulence, now shifted to consider the mechanism by which this turbulence generates sound. This is a highly complex problem, the science of which, although now over fifty years old, has struggled to come up with reliable modelling and reduction strategies. The crux of the problem is to be found in the fact that a subsonic jet constitutes an acoustic source with an efficiency the order of 0.01 . So, we are faced with a problem where the dynamic we must understand and learn to control is a random function of space and time and has an efficiency of approximately zero! All however is perhaps not lost. We know that free jets present a certain underlying determinism -the coherent structures, the Kelvin Helmholtz instability, the structured azimuthal modes. These phenomena underlie the global turbulence characteristics of the flow, and have been shown to be important in the sound generation process. If their dynamic, and that of the mechanism by which they produce sound can be understood and modelled, then feedback control of this component of the jet noise may be feasible. The experiments described in this paper aim to do just that.
III. The sound production mechanism
At the heart of the mixing layer of an isothermal jet with low turbulence Mach number, events are largely dominated by purely hydrodynamic effects, in contradistinction to compressibility effects, such as are associated with fluctuating mass density and velocity dilatation. With this in mind we will use the example of an incompressible turbulence in order to understand the dominant mechanisms implicated in the generation of the pressure field, which for an incompressible fluid is described by a Poisson's equation, the solution to which can be written as . These three terms correspond to pure strain deformation (term1), pure rotational deformation, or enstrophy (term3), and a combination of the two (term2). What can be called 'hydrodynamic' pressure in an incompressible fluid can thus be thought of as related to unsteady deformation of fluid elements by turbulence induced strain and rotation. It is clear that this pressure cannot propagate.
If the fluid is now considered compressible Lighthill's equation idenfities the term 
The first three terms on the right-hand-side of this equation comprise velocity dilatation terms, whereas the fourth is the same as that responsible for generation of purely hydrodynamic pressure fluctuations in an incompressible medium. In the compressible case the isotropic component of the aforesaid second order tensor is no longer equal to zero and so the turbulence induced deformations are now characterised by
, which contains, in addition to the terms present in an incompressible fluid, terms involving the isotropic component us
TV
. If the turbulence Mach number is low however the principal agent implicated in the production of the pressure field will be approximately the same as in the incompressible case. But as we are now in a compressible medium the fluid will respond differently to the unsteady deformations characteristic of this mechanism. The response is now elastic, an unsteady compression is effected, an acoustic pressure is generated. This description will be used in what follows to distinguish between hydrodynamic and acoustic pressures, however a further distinction is first necessarybetween reactive and propagative acoustic pressures. When the wavenumbers characteristic of the source dynamic (the turbulence induced strain and rotational deformations), are not acoustically matched (
W
), the elastic response of the fluid is characterised by a reactive pressure, as a result of whose evanescent nature a purely local influence is exerted: it does not propagate to the farfield. Being a local effect the region of influence of this component of the pressure will be of the order of the characteristic scale of the event which caused it. Thus only those reactive pressure fluctuations generated by the largest scales of the mixing layer will be felt in the irrotational region outside the jet. When the source wavenumbers are acoustically matched on the other hand (
) the elastic response of the fluid propagates and escapes to the farfield as sound. This means that pressure fluctuations from a much larger range of turbulence scales are felt outside the rotational region.
IV. Study 1 : Relating hydrodynamic and acoustic fields
Having established this description of the sound production mechanism, we will now go on to interpret the results of pressure measurements effected in the nearfield of a Mach 0.3 subsonic jet with a view to relating the propagating components of the pressure field to their hydrodynamic cause.
4

A. Experiment and principal results
Linear and azimuthal microphone arrays (see figure 1(a) ), were used to sample the near pressure field of a subsonic jet (e f 8 h g ei
The radial distance of the first microphone from the jet axis was one jet diameter. Pressure intensity spectra for the line array are shown in figure 1(b) . The pressure spectra show two distinct regimes, of between 1 and 2. These regimes correspond to reactive and propagative pressure fields respectively -evidenced by close agreement with the results of Arndt et al., 17 which predict these same decays for the reactive and propagative pressures induced by a source system in conditions satisfying an unsteady Bernoulli equation (i.e. a source system in an acoustic medium, where reactive and propagative pressures are out of phase by G x ). In the context of the description given in section III for the pressure production mechanism this observation is an interesting one -it translates a 'hydrodynamic' rotational event which produces a compressive, irrotational response where the largest scales of the flow are concerned. What the microphones measure is thus the elastic response of the medium to the hydrodynamic source. In agreement with the discussion of section III the reactive spectral range is limited to the low frequencies (field driven by the largest structures), while the propagative fluctuations comprise a much larger spectral range. Subfigure 1(c), where the coherence is plotted as a function of non-dimensional acoustic wavenumber and axial position for a reference microphone at x/D=2.7, permits the demarcation to be more clearly identified, at 3 =1.3, and the very different character of the reactive and propagative fields is manifest in the axial extent of the coherence. The reactive field shows high axial coherence, evidence of travelling wavepackets (a wavy wall), or a convected train of coherent structures. The characteristics of the propagative field translate a less organised source distribution, however we believe that this is in fact due to cancellation effects resulting from the non-compact nature of a source system comprising such a wavepacket.
B. A wavy-wall source mechanism ?
The nulls manifest just upstream and downstream of the reference microphone are evidence of an interference mechanism between the reactive and propagative components of the pressure field.
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The schematic shown in figure 1(d) describes this mechanism. In effect the reactive component of the field, being driven by the coherent structures, can be represented by a series of plane waves which are convected by the mixing layer. The propagating pressures on the other hand are characterised by spherical propagation at the speed of sound. For interference to occur between these fields at a given space-frequency coordinate two criteria must be satisfied, (i) the two fields must have high axial coherence and be in perfect anti-phase at their source, and (ii) they must have equal energy. The phase of these fields relative to the reference microphone can be easily written as
accounts for the inherent phase difference between reactive and propagative pressures in an irrotational medium. Criterion (i) is shown in subfigure 1(e) by the intersection of the red and green lines, which show the isocontours
, is shown by the blue line. The intersection of all three thus gives the space-frequency coordinates where the two criteria are satisfied and at which such an interaction could be expected to occur. The good agreement with the experimental data is evidence that our interpretation of the physical mechanism responsible for the nulls is correct. Now, two parameters used in the model, critical for correct identification of the nulls, are the factor
, and the radial position of the source of the pressure perturbations (necessary for calculation of the propagation distances). The latter is identified on the mixing layer axis. The source of these pressure fields is thus found to be at the heart of what is a highly rotational mixing layer, and yet it displays all of the characteristics of an axially coherent, irrotational source mechanism (a wavy wall), by its behaviour in both the rotational and irrotational regions of the flow.
C. Relation to the turbulence
In order to relate this behaviour to the truly hydrodynamic events, pressure-velocity correlations were performed via synchronous pressure-LDV (Laser Doppler Velocimetry) measurements. It suffices for the present purposes to observe that through the identification of an ensemble of non-dimensional parameters it was possible to collapse the correlation data. An example of this collapse is shown in figure 1(f), non-dimensional time delay on the x-axis, non-dimensional position in the mixing layer on the y-axis. (there are over 100 contoured surfaces contained in this figure) . The interesting result is that for a given axial separation between the microphone and the LDV profile, regardless of the position of the reference microphone, the form of the pressure-velocity correlation is approximately the same (hence the collapse of the data), and the characteristic scale corresponds to the local vorticity thickness (i.e. the turbulence scale at the axial coordinate of the reference microphone). Thus while the dynamic of the velocity field at the location of the LDV measurement comprises all the local scales of the mixing-layer, its correlation with the nearfield pressure signal at a given axial location is characterised by the hydrodynamic scale at that location, and the correlation is non-negligible. The pressure field has been shown to be dominated by reactive, acoustic pressure fluctuations, while the LDV measures a purely hydrodynamic field. A strong correlation between the two, whose scale is the local vorticity thickness of the mixing layer, is evidence of a significant linear relationship between the largest structures of the mixing-layer and the said reactive pressure field, indicating that the reactive pressure field is rich in information concerning the turbulence structure where the deterministic component of the flow is concerned. The nearfield pressure is thus a strong candidate for use as an input variable in a feedback controller. While this result is obtained in a low Mach number jet, very similar results have been obtained in higher Mach number flows studied in Syracuse and Poitiers.
D. The azimuthal structure
The flow/source dynamic implicated in the interference mechanism just described must be characterised by a strong azimuthal coherence. The azimuthal microphone array can be used to assess this structure. modes 0 and 1 dominate the azimuthal spectra, which is in contrast with the azimuthal structure of the velocity field, where a preponderance of modes 4, 5 and 6 is found (see figure 8(d) for example). However care must here be taken as this dominance of the lower order modes in the pressure field may simply be a function of the radial position of the array. If the higher order azimuthal modes are characterised by smaller scales, then the radial extent of their reactive pressure fields will be less than that of the lower order modes, which are characterised by larger scales. This point is central where control is concerned -we must know what the sensitivity of the nearfield pressure measurements is to the dominant mixing layer structures, and in particular those most important in the production of sound Figure 3 shows the space-frequency coherence once again, but in this case the criteria for interference have been represented a little differently. The dashed lines in figure 3(a) show
, and indicate thus the entire ensemble of space-frequency coordinates where the reactive and propagative fields will be in perfect anti-phase. The second criteria necessary for interference (
) is represented by the dotted line, and so interference will be possible where the dotted line intersects the dashed lines. It can be seen how of the 4 interaction zones identified in figure 3(a), only two show evidence of interference when azimuthally integrated. However when the same spacefrequency coherence patterns are examined azimuthal mode by azimuthal mode (figure 3(b)-(f)), the second pair of nulls show themselves, but only for modes 0 and 1. This demonstrates how the interference mechanism is primarily driven by modes 0 and 1, which is consistent once again with the physical picture proposed in the last section; that of a quasi two-dimensional mechanism. The absence of the second pair of nulls in the azimuthally integrated pattern is evidence of rotation of the higher order modes, rotation which leads to an effective modulation of the axial wavelengths of both their hydrodynamic and their acoustic pressure fields: a hydrodynamic event associated with a high order azimuthal mode at the reference microphone will generate an azimuthally similar propagating pressure disturbance, but as the hydrodynamic pressure signature rotates with its downstream convection, it is unlikely to be azimuthally aligned with its acoustic counterpart when they arrive in anti-phase at the second interaction location. This suggests that the higher order azimuthal modes are generating propagating pressures in much the same way as modes 0 and 1, i.e. as an axially and azimuthally coherent instability wave.
E. The axial structure -POD
A Proper Orthogonal Decomposition was used to study the axial structure of the pressure field. The eigenvalues and convergence are shown as a function of frequency in figure 4(a) and 4(b). Two spectral regimes can again be identified, corresponding to reactive and propagative regions. The reactive region comprises the majority of the energy and it shows a more rapid convergence, 3 modes being sufficient to capture the entirety of the energy. The slower convergence in the propagative region reflects the less organised structure of this field. It is likely that the odd looking 'bump' in the convergence at a Strouhal number of about 1 is the signature of the interaction mechanism discussed earlier. In this frequency range the pressure field comprises a superposition of two distinct fields (reactive and propagative, each with its own coherent dynamic), which are highly correlated and phase shifted by
. The slower convergence of the POD at these frequencies translates the disordered picture which results from this situation. The eigenfunctions, shown A number of observations are worth making. The first concerns the amplification-saturation-decay type behaviour observed, characteristic of instability waves. It can be seen how the 'saturation' location changes both with changing mode number and frequency; higher order POD modes capture higher wavenumber activity, and for a given POD mode the higher frequency activity occurs further upstream, i.e. the shortest wavelengths/smallest structures, characterised by the highest frequencies, saturate/merge closest to the jet exit while for the longer wavelengths (larger scales) and the lower frequencies this occurs towards the end of the potential core. A word of caution is here necessary where this interpretation is concerned, as the character of the said amplification-saturation-decay will depend to a certain extent on the position and inclination of the microphone array. However, as we have here aligned the array with the expanding flow, and made an effort to get as close as possible to the mixing-layer, the shape of the eigenfunctions should be representative of the spatial waveforms. This behaviour is most readily observable in externally forced jets, as per Crow and Champagne, ). Again this is important information where feedback control is concernedas mentioned in the introduction, we must not only identify the underlying low-order signature of the flow, but also that of the source mechanism. It will thus be necessary to extract, from this wavelike structure, those quantities implicated in the generation of propagating pressure fluctuations. The above cited work has provided some good guidelines for this task.
F. Extracting the true source dynamic
Crow and Champagne have shown how this kind of instability wave is generated when a jet is forced at the most unstable frequency of the initial shear-layer or at one of its subharmonic frequencies : 'A forced axisymmetric wave amplifies due to linear instability of a top hat profile, saturates under the non-linear action of a harmonic, and finally decays owing to an essentially linear process' 9 -the decay is in fact due to the thickening of the shear layer, which causes the instability wave to lose its grip on the mean-flow. Higher frequency instabilities thus amplify and decay closer to the jet exit than their lower frequency counterparts, which can be sustained by the thicker downstream shearlayer. The frequency dependent POD modes display precisely this kind of behaviour. However the question must be asked: what are the essential properties of this dynamic where sound production is concerned? The work of Ffowcs-Williams and Kempton
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and Crighton and Huerre 16 provide some answers to this question. Ffowcs Williams and Kempton analysed the acoustic consequences of a Lighthill stress tensor comprising this amplification-saturationdecay type behaviour, and identified thus the importance of the abruptness of the change from growth to decay, aswell as that of variations in the position of the break-point of the instability wave. They demonstrated how more abrupt changes from growth to decay will lead to greater sound production, and how random variations of the break-point can cause an essentially monochromatic source to radiate broadband acoustic energy. By means of a second model, based on a vortex pairing event, they again showed the importance of both the abruptness of the merging, and the random variations of the merging position. Crighton and Huerre, 16 using a different approach based on an elliptical boundary-value problem, studied the acoustic implications of a boundary condition specified by an instability wave, and showed how the precise shape of the envelope function can dramatically modify the nature of the radiated sound, a Gaussian envelope causing an apparently compact source to radiate a super-directive acoustic field, and to generate a reactive field with a large radial extent. The information furnished from the Proper-Orthogonal, Fourier-azimuthal, Decomposition gives us all of the components necessary for evaluation, via a model such as those just discussed, of the acoustic consequences of the low-order turbulence structure. However there are different ways of going about designing a controller to use this information.
One possibility is to design a controller which solves either the elliptical boundary-value problem of Crighton and Huerre, 16 or a hyperbolic problem as per Ffowcs Williams and Kempton, 11 and uses the computed acoustic field as its control criterion. In both cases the wavepatterns furnished from the decomposition of the pressure field can be used as direct input. A simpler alternative method could consist in using the saturation location, wave envelope and eigenfunction amplitudes as criteria according to which the feedback controller assesses and modifies the flow.
There is a more interesting third alternative however, which involves going a little further than the model problems of the aforementioned authors with a view to more directly identifying the pertinent quantities where sound production is concerned. Through evaluation of the double divergence of the low-dimensional pressure field (the sum of the dominant eigenfunctions), the dispersion relation 8 W can be used to identify the dynamic responsible for the production of propagating pressure fluctuations : the radiating source dynamic. This is the true sound production event, and thus constitutes the most appropriate input data for a feedback controller. Of course to do this we need to know the entire pressure field on a conical surface surrounding the jet. We will show how this is possible in section VI. 
G. Hydrodynamic-acoustic separation by POD
A final result from study 1, worth mentioning in the context of feedback control, is shown in figure 6 . Here we have reconstructed the space-time correlations of the pressure field, filtered using the POD and Fourier-azimuthal modes. The result is an interesting one. We see how for POD modes 1 and 2 (rows 1 and 2), a slope corresponding to the convection velocity of the jet is observed, whereas in the case of POD mode 3 (row 3), for azimuthal modes 0 and 1 (columns 1 and 2), the slope of the maxima corresponds to the speed of sound. The POD appears thus to have effected a separation between the reactive and the propagating pressure fields. While the completeness, and robustness of this separation remains to be studied, the potential of this capacity of the POD in the near pressure field is clear where a controller is concerned -it presents a means of analysing the acoustic effect of an eventual controller using the same sensors used to sense the source.
V. Study 2: The turbulence structure
In study 1 the near pressure field was examined in considerable detail and some interesting observations made concerning its structure, and more importantly the nature of its relation to the turbulence and source dynamics. The second study focuses on a more in-depth probing of the turbulence field, its deterministic structure and its relation to near-field pressure in the vicinity of the jet exit. This later investigation employed a 
A. Experiment and principal results
The study was partitioned into two sections, both of which included a simultaneous survey of the near field fluctuating pressure using an azimuthal array of fifteen Kulite XCE-093, 35kPa pressure transducers (¾
), shown in figure 7. The pressure spectra were found to exhibit similar characteristics to those identified in the previous study with a clear demarcation between the reactive and propagative fields at a wavenumber between 
The velocity field decomposed
The Fourier-azimuthal decomposition of the velocity field (PIV) was performed along several radial and axial positions in the flow from the Mach 0.85 jet studies. The maximum Fourier-azimuthal mode for each radial (expressed in terms of
and streamwise position in the flow and is illustrated in figure 8 . The axial component of the Fourier-azimuthal decomposition (figure 8a) demonstrates the richest variation in the modal distribution, where as the radial component displays the weakest (figure 8b). For the axial component, its radial dependence translates a field which is axisymmetric towards the center of the jet, a gradual shift towards higher order azimuthal activity being manifest as we move outward along a radius. There are two possibilities where interpretation of this result is concerned. The first involves considering the shear-layer as a train of vortex rings which are sustained by the entrainment of high-velocity core fluid. This entrainment is clearly an axisymmetric process. As we move out along a radius however the axial component of the vortex motion becomes more susceptible to the natural azimuthal instability of the shear layer, the order of which depends on the local vorticity thickness. This natural instability is most influential on the low-speed side of the mixing layer (AE 2 Å 7 l 8 g è ), evidenced by an axial evolution from high order azimuthal activity when the shear layer is thin, to lower order structure as the shear-layer thickens between x/D=3 and x/D=6. A second interpretation is plausable, in accordance with the observations of Glauser and George, 18 in which shear-layer dynamic is dominated by the leap-frogging of axisymmetric vortex rings. The downstream vortex ring is forced to expand towards the low-speed side of the shear-layer as the upstream vortex ring catches up with it. It thus becomes destructured (on the low speed side of the flow) before being sucked back into to heart of the shear layer by the upstream vortex, which maintains a more axisymmetric form as it pushes through the center of the now obliterated downstream structure.
Surprisingly, a "wavy wall" structure is clearly visible in the axial Fourier-azimuthal modes along the outer regions of the jet's mixing layer
In particular, the azimuthal component displays an oscillation between the second and third Fourier-azimuthal modes along the outer region of the mixing layer. This is an interesting new artifact suggesting that the modal structure has a repeatable preference to an axial position in the flow, and is very rich. A superposition of figures 8a & c reveals a coherent interaction between the axial and azimuthal components more clearly.
The difference between the azimuthal structures of the axial, radial and azimuthal components can be explained as follows. The azimuthal structure in the mixing layer upstream of the collapse of the potential core is primarily controlled by the longitudinal vorticity of the flow, which involves only the radial and azimuthal components of the turbulence velocity. The axial component thus behaves like a passive scalar where this component of the vorticity is concerned, and so best reflects the preponderant azimuthal structure. In the same way, the radial and azimuthal velocity components reflect the azimuthal structure corresponding to the radial and azimuthal vorticity. These can be considered as secondary influences where the azimuthal structure of the shear layer is concerned in the region prior to the close of the potential core. The said 'spots' of richer azimuthal structure of the radial velocity component downstream of the close of the potential core can thus be thought of as related to the three-dimensionalisation of the flow which occurs in this region. The oscillations manifest in the azimuthal structure of the azimuthal component is possibly the most interesting result. While it probably constitutes a less significant effect than the axial component, it presents a very marked structure -for a given axial position there is a preferred azimuthal structure, and this preference oscillates in a deterministic wavelike fashion, with a spatial scale of about one jet diameter. As mentioned the azimuthal velocity component reflects the influence of the azimuthal vorticity on the azimuthal structure. This oscillation between modes 2 and 3 may thus reflect an unstable stretching of the vortex rings as they convect downstream. The determinism of the mechanism is clear, as each vertical slice of the figure corresponds to 1,250 statistically independent PIV images. This translates a component of the flow structure whose axial phase varies very little. Ffowcs Williams and Kempton 11 have discussed the implications of this parameter where a wavy-wall source structure is concerned. Such a source structure is capable of generating a highly directive sound field at the frequency of the oscillation. Further work is of course required to relate these characteristics to the source dynamic.
The structure of the turbulence is examined more extensively by means of the joint Proper Orthogonal and Fourierazimuthal Decomposition b . Azimuthal spectra are shown as a function of axial position for the first POD mode (Ê ) in b The POD is in this case with respect to the inhomogeneous radial dimension figure 8(d) . The axial evolution of the flow structure is seen to comprise a gradual shift from dominance by mode 5 at . We thus see two distinct zones, upstream and downstream of the end of the potential core. The evolution in the upstream zone reflects how, as the shear layer thickens, the most unstable azimuthal mode changes accordingly -the thinner shear-layer at In the downstream region it is common to see how the flow remains well structured, and characterized by convergence towards a mode 2, the same as the incompressible studies of Jung et al. (2004) .
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It will be interesting to examine the corresponding evolution of the source structure. These results, taken from a Mach 0.85 jet, highlight, as did the nearfield pressure measurements in the Mach 0.3 jet, how there also exists a highly deterministic underlying structure, even in the high Reynolds number, high Mach number jet flows. The questions which must be asked are: (1) How strongly is this deterministic structure felt in the near-field pressure where control sensors can be placed ? and (2) How deterministic is the corresponding source mechanism ? The first of these questions is now addressed.
Relating the low-order behavior of the pressure and velocity fields
Space-time correlations were obtained between the near-field pressure signals and the joint modes from the ProperOrthogonal, Fourier-azimuthal Decomposition of the turbulence field. Some results are shown in figure 9 and illustrate a strong coherence (up to 40%) between the axisymmetric and helical modes of the pressure and velocity fields (Î =0 and 1) for the optimal POD mode (Ê =1). Not surprisingly, the coherence is strongest for the velocity field measured closest to the microphone measurements, however a significant level of coherence is maintained, even after the collapse of the potential core. Interestingly, the overall levels of coherence are noticeably higher than when the pressure is simply correlated with velocity measurements in the mixing layer, as is shown in figure 10 from the LDA-pressure field investigations. The LDA measurement volume in this illustration is fixed along the center of the mixing layer (³ H j 8
), and is traversed along several axial locations in the flow. The ordinate is biased in each sub-figure based on the mean convection velocity,
, and the separation
is obtained from the azimuthal pressure array. In this figure, coherency between the pressure and the axial velocity is articulated once again, and unveils the development of the modal structure in concert with that which is displayed in figure 8a . Contrarily, the use of the Proper-Orthogonal and Fourier-azimuthal Decompositions as a filter for extraction of the low-order dynamic of the velocity and pressure fields is thus found to boost the level of correlation between these fields, illustrating, once again, how the near pressure field is predominantly contributed to by the larger more organised scales of the mixing-layer. It is clear that this kind of decomposition will be an important tool when it comes to the design of a feedback controller to relate the pressure field to the velocity field. and velocity fields.
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The pressure data from study 1 will be used to demonstrate the capability of this technique. Having computed the cross-spectral matrix for the pressure fluctuations on the conical surface, the field is reconstructed using the microphone configuration depicted in figure 1 (a) . The result is shown in figure 11 , for azimuthal mode 1, and POD modes 1, 2 and 3. The quality of the reconstruction has been assessed: the loss of information comprises an amplitude modulation proportional to the level of correlation between to regions of the cone, but preservation of the spectral form is excellent. The success of the technique in reconstructing the pressure field over the (a) (b) (c) given surface, combined with its decomposition into the azimuthal and Proper Orthogonal modes, means that with this limited number of sensors we have access to the pressure field over an extensive spatial domain, and the capacity to subsequently decompose it into its fundamental building blocks. As discussed in section IV, these building blocks can be used as input for a feedback controller, which can assess the corresponding sound production capacity via a source model as discussed in section IV.F, or, more ambitiously the reconstructed pressure field can be used to directly extract the radiating source dynamic by computation and subsequent filtering (using the dispersion relation 8 E W
) of the double divergence of the pressure field. This constitutes the most appropriate input data for a feedback controller.
A natural extension of this technique involves similar reconstruction of the velocity field from the pressure sensors, and subsequent estimation of the corresponding source dynamic. And considering the result presented in figure 6 a further interesting question can be asked: what will the velocity field corresponding to POD mode 3 look like ?
B. The Modified Complementary Techniques
The classical Complementary Techniques 3 involve combining the LSE and POD approaches, whereby the basis functions from the decomposition are projected onto an estimate of the velocity field in order to reconstruct a lowdimensional temporal estimate of the more energetic turbulent features of the flow. The modified form of which, replaces the conditional terms of the LSE with the POD's basis functions, that which posses global knowledge of the structure, and are perhaps more representative. The LSE can thus be used to effect a real-time estimate of these building blocks from a limited number of unconditional sources, say pressure. Such an approach was implemented on the second study of the Mach 0.85 jet using the pressure measurements close to the lip as the unconditional source events to reconstruct the low-order dynamic of the 3 dimensional velocity field. Some results are shown in figure 12 .
A limitation in this application of the complementary technique is the difficulty of capturing the axial evolution of the time-scales, from pressure information from a single axial location, close to the jet lip. This results in an estimated velocity field with the correct spatial characteristics, but whose temporal character is limited to the temporal character of the pressure signals. A way of mitigating this difficulty will be to combine the pressure array of study 1 with the PIV velocity measurements of study 2. This experiment is currently being prepared in the new anechoic jet-noise facility at Poitiers. 
